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Abstract 
In this paper, we presented the general formulation of light reflection using a series of 1D PCs with different periods, 
made of non-absorptive materials of any refractive indices. In order to have a large bandgap – the spectral range of 
reflection, the periods of 1D PCs must be distributed in a geometrical progression with a common ratio, r, smaller 
than a maximum value of rc. The paper have presented exact expressions for rc, bandgap to mid gap ratio of the PC 
hetero-structure, and the minimum number of PCs to achieve the desired range of bandgap in single and all angles of 
incidence. The proposed method can be used to design filters for vast range of applications such as UV filters (i.e., 
sunglasses, eye safety glasses, UV photography filters) and visible light filters. 
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1. Introduction 
Light reflection for all angles of incidence and all polarizations (TE- and TM-polarizations) is useful 
for variety of applications. Achieving light reflection in all angles and for all polarizations requires a 
photonic crystal (PC) with a huge refractive index contrast, 'n [1–4]. For instance, in one-dimensional 
(1D) PCs, to block light with frequencies covering the entire visible range and the typical ultraviolet (UV) 
spectrum from the sun at a normal incidence, 'n of 1.6 and 0.8 are required, respectively [5, 6]. For omni-
directional reflections, the requirements on 'n are even higher [2, 3]. Unfortunately, such large 'n values 
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cannot be realized for applications of light filtering with UV and visible frequencies, as there are no pair 
of materials that is non-absorptive (in visible or UV) and at the same time exhibiting large 'n [7]. The 
demand on the 'n in the PC is the limiting factor for successful technological applications. Previously, 
there were several works on how to enlarge the spectral range for omni-directional reflection [4, 8]. In 
particular, hetero-structures of 1D PCs with each PC possessing omni-directional bandgaps – the spectral 
range of reflection [4], and each PC possessing bandgaps for different range of incident angles [8] were 
proposed. 
In this paper, we demonstrate remarkably simple and practical design principles to achieve light 
reflection in all angles without any material constraints. We show that a series of 1D PCs of any 'n, with 
the periods distributed in a geometrical progression of a common ratio, r, r < rc (where rc is a structural 
parameter we introduced), is capable of reflecting light of any spectral range, at any part of the 
electromagnetic spectrum. The 1D PCs in the series can be fabricated using matured techniques and non-
absorptive materials of any refractive indices and, therefore, are of low fabrication cost. 
2. Theory Background 
Figure 1 shows a PC hetero-structure formed by a series of m number of 1D PCs with the period for 
the k-th PC is pk (pk-1 < pk < pk+1). For a maximum bandgap, let us assume each of these PCs contains two 
alternating materials of refractive indices, n1 and n2 with quarter wavelength thicknesses, pkn2/(n1 + n2) 
and pkn1/(n1 + n2), respectively. The center wavelength of the bandgap of the k-th PC is Ȝk = pk/Ȧc, where 
Ȧc is the normalized frequency of the bandgap center. The ratio of the width of the bandgap frequencies, 
'Ȧ, to Ȧc is independent of pk and can be denoted as gn. Both gn and Ȧc are dependent on P and ș, and the 
values can be calculated using the plane wave expansion methodology [9, 10], for a PC with an infinite 
number of unit cells. For ș = 0, we have exact analytical equations given by the following expressions [5, 
6], 
 
Fig. 1. Schematic diagram geometrically distributed one-dimensional photonic crystals hetero-structure for light-reflection in all 
angles 
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Note that for ș = 0, gn and Ȧc are polarization independent. The lower and upper bandgap edges of the 
k-th PC can be denoted as Ȝ-,k and Ȝ+,k, respectively. These edges can be written as, 
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Eq. (3) it can be shown that the periods, p1, p2, p3, …, must obey a geometrical progression with a 
common ratio, rc, given by, 
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Assuming r < rc for a given pair of materials, ș, and P, we can create a bandgap of any size and at any 
part of the electromagnetic spectrum by just controlling the modulation in the period. Then, assuming the 
in between periods follow a geometrical progression with the first and last terms are p1 and pm, 
respectively, the common ratio, 
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The condition in Eq. (3) requires r < rc and, therefore, the number of required PCs must satisfy, 
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Equation (6) describes the minimum number of required PCs to achieve the bandgap in the spectral 
region, Ȝa to Ȝb. When gn is very small, the hetero-structure must have a large number of PCs and the 
period variation must be more continuous. 
3. Results and Discussion 
In simulation us assume the materials with refractive indices 1.45, 1.8, and 2.4 to be silica [7], 
amorphous silicon nitride (a-Si1-xNx) with x = 0.56 [11], and diamond [12], respectively. Figure 2 shows 
the reflection spectrum at ș = 0q, 35°, 60°, and 85° for a UV filter with n1 = 1.45, n2 = 1.8, p1 = 145 nm, N 
= 12, and m = 6. For a comparison, the transmission spectrum (see Fig. 3) of a uniform PC (i.e., a 
constant period), with the bandgap is designed to be the mid of the visible range is plotted as shows Figs. 
2 and 3. All spectrums are obtained using the transfer matrix method [13] by assuming the ambient 
medium to be air. As we can see from Figs. 4 and 5, the hetero-structure produces bandgap in the desired 
spectral range (i.e., 250 nm – 450 nm). 
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Fig. 2. Reflection spectrums for ș = 0q, 35°, 60°, and 85° for a UV filter hetero-structure with n1 = 1.45, n2 = 1.8, m = 6, p1 = 145 
nm, and N = 12. The blue and green curves represent the reflections for TE- and TM-polarizations of light. When ș = 0q, the 
reflection curves of both polarizations are identical 
 
 
Fig. 3. Transmission spectrums for ș = 0q, 35°, 60°, and 85° for a UV filter hetero-structure with n1 = 1.45, n2 = 1.8, m = 6, p1 = 145 
nm, and N = 12. The blue and green curves represent the transmissions for TE- and TM-polarizations of light. When ș = 0q, 
the transmission curves of both polarizations are identical 
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Fig. 4. Reflection spectrums for ș = 0q, 35°, 60°, and 85° for a visible light filters hetero-structure with n1 = 1.45, n2 = 1.8, m = 6, p1 
= 145 nm, and N = 12. The blue and red curves represent the reflections for TE- and TM-polarizations of light. When ș = 0q, 
the transmission curves of both polarizations are identical 
 
 
Fig. 5. Transmission spectrums for ș = 0q, 35°, 60°, and 85° for a visible light filter hetero-structure with n1 = 1.45, n2 = 1.8, m = 6, 
p1 = 145 nm, and N = 12. The blue and red curves represent the transmissions for TE- and TM-polarizations of light. When ș 
= 0q, the transmission curves of both polarizations are identical 
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4. Conclusion 
We have presented the general formulation of light reflection using a series of 1D PCs with different 
periods, made of non-absorptive materials of any refractive indices. In order to have a large bandgap – the 
spectral range of reflection, the periods of 1D PCs must be distributed in a geometrical progression with a 
common ratio, r, smaller than a maximum value of rc. The paper have presented exact expressions for rc, 
bandgap to mid gap ratio of the PC hetero-structure, and the minimum number of PCs to achieve the 
desired range of bandgap in single and all angles of incidence. By changes the refractive index of non-
absorptive materials can be used to design filters. The proposed method can be used to design filters for 
vast range of applications such as UV filters (i.e., sunglasses, eye safety glasses, UV photography filters) 
and visible light filters. 
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